Attempts to introduce molecular water into dry, natural quartz crystals by diffusive transport and thus weaken them hydrolytically at T = 700°-90(JOC and Pu,o = 400-1550 MPa have failed. Infrared spectroscopy of hydrothermally annealed single crystals of natural quartz reveals the diffusive uptake of interstitial hydrogen (resulting in hydroxyl groups) at rates similar to those previously proposed for intracrystalline water at high water pressures. The solubility of interstitial hydrogen at these conditions is independent of temperature and pressure; instead, it depends upon the initial aluminum concentration by the local charge neutrality condition [H, "] . Deformation experiments following hydrothermal annealing show no mechanical weakening, and the lack of any detectable broadband absorption associated with molecular water shows that the diffusion rates of structural water are much lower than those of hydrogen. These results are consistent with the available oxygen diffusion data for quartz and with the failure to observe weakening in previous studies of quartz deformation at pressures of 300-500 MPa; they call into question the rapid rates of diffusion originally suggested for the hydrolytic weakening defect. It is suggested that the observed weakening in many previous experiments was complicated by microcracking processes in response to nonhydrostatic stresses and low effective confining pressures. Extensive microcracking may prm:ide a mechanism for molecular water to enter quartz and allow local plastic deformation to occur. It does not appear that molecular water can diffuse far enough into uncracked quartz to allow hydrolytic weakening over annealing times that are feasible in the laboratory.
INTRODUCTION
In a study which has influenced the last 20 years of research of the mechanical properties of rocks, Griggs and Blacic [1964, 1965] reported a dramatic effect of water on the yield strength of quartz. Single crystals of Brazilian quartz, deformed in the o+ orientation (a 1 , the maximum principal compressive stress, at 45o to a and c) at elevated temperatures and confining pressures of 1000-1500 MPa, yielded at stresses exceeding 2000 MPa under dry conditions, whereas other specimens, annealed in talc assemblies above the dehydration temperature of talc and subsequently deformed, yielded at stresses of only 200-400 MPa (Figure 1 ). From these experiments originated the hypothesis, which is widely accepted today, that quartz (and other silicates) may be weakened by the addition of water through a hydrolysis reaction [Griggs, 1967] . Measurements of low yield strengths of synthetic quartz crystals, which contain large concentrations of water, confirmed that the strength of synthetic quartz is directly related to its water content [e.g., Griggs and Blacic, 1965; Griggs, 1967; Baiita and Ashbee, 1967, 1969a, b; Kirby and McCormick, 1979] . The water in synthetic quartz was found to occur in 1 Now at Center for Tectonophysics, College of Geosciences, Texas A&M Univc;rsity, College Station.
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Paper number 5B5820. 0148-0227 /86j005B-5820$05.00 two distinct forms: interstitial hydrogen (hydroxyl groups) and a second water form which results in a "broadband" absorption in the infrared region at approximately 3 JJ.tn and is attributable to molecular water . It is this second water form that is strongly correlated with the strength of quartz [e.g., Kirby and McCormick, 1979; Kekulawala et al., 1981] . The presence of this molecular water in weak, synthetic crystals suggested that similar water must be taken up by initially dry, natural crystals by solid-state diffusive transport during high-pressure annealing [Blacic, 1971 [Blacic, , 1975 .
Attempts to reproduce the initial hydrolytic weakening experiments on natural quartz crystals at confining pressures of 300-500 MPa failed, however, both irl the lack of any significant mechanical weakening and in the lack of infrared (IR) absorptions which resemble the "broadband" absorption of synthetic crystals [Paterson and Keku/awala, 1979; Kekulawala et al., 1981] . This discrepancy therefore led to the suggestion [Hobbs and Tullis, 1979; Paterson and Kekulawala, 1979; Tullis et al., 1979; Blacic, 1981; Kronenberg and Tullis, 1984] that high confining pressures, of the order of 1000-1500 MPa, were necessary to increase the solubility and/or diffusion rate of water in quartz. This suggestion, although supported by the recent investigations of Ord and Hobbs [1983, 1986] and Mackwell and Paterson [1985] , is in direct conflict with the results of our current study.
Rec!:nt spectroscopic work on natural and synthetic quartz has shown that the. mechanically active water which results in the broad IR absorption is molecular water, in small groups of less than several hundred molecules. This is a markedly different environment from that of the hydrogen interstitials, which occur as isolated hydroxyl [1964, 1965J shortened smgle crystals of Brazilian quartz (A-1) in the o+ orientation at elevated temperatures T and confining pressures Pc. (b) Stress u -strain e plot of quartz single crystals deformed under dry conditions and in talc assembly. Dry crystals yielded at u in excess of 2000 MPa, whereas samples, hydrothermally treated in talc assemblies, yielded at stresses of only MPa. (c) Although the results for hydrothermally annealed Brazilian quartz crystals show a great deal of scatter, they fall within an envelope defined by the u-T relationship for dry Brazilian quartz and for synthetic quartz crystals which contain relatively large concentrations of water.
groups. The ease with which the two forms of hydrogen may be differentiated suggested that a quantitative spectroscopic evaluation of the hydrogen content of annealed, initially dry quartz of the type used by Griggs and Blacic would allow us to determine the extent to which water uptake can be expected to occur under natural conditions. In an attempt to determine the solubility and diffusional transport of molecular water at high pressures, we have annealed single crystals of dry Brazilian and Swiss quartz hydrostatically over the same temperature interval as that of the discovery experiments and at water pressures of 400--1550 MPa. Hydrogen-related defects incorporated during the hydrothermal anneals were then characterized by measuring IR absorptions due to 0-H stretching at room temperature (-300 K) and at 77 K and their mechanical influence tested in deformation experiments at confining pressures of -1500 MPa. Because these experiments failed to exhibit evidence of structurally incorporated molecular water or any mechanical weakening, additional experiments were done using talc assemblies like those used by Blacic [1964, 1965] .
The results reported here for pressures up to -1500 MPa suggest that the diffusion of molecular water is too slow for any significant penetration of large (millimeter scale) single crystals, consistent with the analogous studies of Paterson and Kekulawala [1979] and Kekulawala et al. [1981] at lower pressures in a gas apparatus. Hydrogen, on the other hand, does enter the quartz structure at rates sufficiently large for equilibration. These rates are unaffected by pressure up to 1550 MPa, and the incorporation of hydrogen on interstitial sites has no apparent mechanical effect, in accord with previous work. Specimens which have been annealed and deformed in talc assemblies were weakened. However, careful examination of these samples suggests that microcracking, in addition to dislocation slip, is an important process under nonhydrostatic conditions and low effective confining pressures serving to reduce the diffusional penetration distances for molecular water. Similarly, we believe that the observed weakening of large single crystals by Griggs and Blacic [1964] , 1965], Hobbs and Tullis [1979] , Hobbs [1983, 1986] , (a) Oriented single crystals of quartz S were placed in Au capsules with a variety of fluid sources F, sealed, and annealed in a piston-cylinder apparatus at the sall)e temperatures and pressures as were used in the original Griggs-Biacic experiments. Temperatures were monitored using Pt/Pt 10% Rh thermocouples TC and confining pressures were measured external to the NaCl sample assemblies. Granular Si0 2 was commonly placed between the quartz single crystal and the fluid source F, and beveled Ag discs were placed on either side of the quartz sample to prevent puncturing of the Au jacket. (Q-37 [Bambauer, 1961] ) rich in used by Blacic [1964, 1965] 
Hydrothermal Anneals
Cylindrical samples (6.3 mm in diameter and ~ 3 mm in length) were cored in two orientations: (1) parallel and (2) perpendicular to the c axis of each crystal and their ends ground parallel (manually on glass plates) and polished (using a rotary lap) using Al 2 0 3 and Ce 2 0 3 with grit sizes down to 0.3 J.tm. With the exception of three samples annealed in conventional talc assemblies (similar to those of Griggs and Blacic [1965] ), all samples were sealed ( Figure 2 (5) talc. Beveled Ag discs were included to prevent puncturing of the Au jacket (wall thickness of 0.25 mm) by the sharp edges of the quartz crystals. In addition, granular Si0 2 (either in the form of crystalline powder or a disc of porous quartzite) was placed between the fluid source and the sample in those experiments using the Mg(OHh + MgO + H 2 0 fluid source, in order to prevent reaction to enstatite (i.e., by reducing the MgO activity and increasing the Si0 2 activity in the fluid prior to contact with sample).
The sealed Au capsules were then placed at the centers of NaCl piston-cylinder assemblies described earlier [Kirby and Kronenberg, 1984a] , substituting the ceramic pistons (used in deformation experiments) with pressed NaCl plugs and packed granular NaCl, and annealed at temperatures of 700°-9000C and pressures of 400-1580 MPa using a Griggs apparatus. A confining pressure of 150 MPa was applied (over a period of ~ 3-5 hours) prior to raising the temperature to 100°C, and the pressure and temperature were raised stepwise to 250 MPa and 300°C, respectively, in such a way as to keep the specific volume of water within the Au jacket below ~ 1.1. The presure was then increased smoothly over a period of ~ 10 hours (using a small volume hydraulic pump) in order to prevent the development of significant nonhydrostatic stresses, and the temperature was then raised to the desired experimental conditions. Confining pressures were released gradually ( ~ 1 hour) following annealing. We believe that these slow changes in pressure were important to prevent microcracking, allowing us to retrieve samples which were, with some exceptions, crack-free.
Most of the annealing experiments were done using a mix- has been investigated by a number of techniques over a wide range of pressure and temperature, and its reaction kinetics are known to be rapid [Barnes and Ernst, 1963; Weber and Roy, 1965; Yamaoka et al., 1970; Irving et al., 1977; Schramke et al., 1982] . Equilibrium between all three phases therefore buffers the water pressure directly for any given temperature A mixture of Cu, Cu 2 0, and H 2 0 was used to buffer the P 02 directly [Huebner, 1971; Swalin, 1972] in one annealing experiment. A variety of other fluid sources, including distilled H 2 0, NaOH solutions, and talc were used to reproduce the chemical environments of previous studies of quartz defor- mation and crystal growth. The PH,o in these experiments was assumed to equal the applied confining pressure P,; the presence of fluid was evident upon puncturing the Au jackets in experiments using H 2 0 and NaOH solutions and from coloration due to dehydration in experiments using talc.
The solubility of Si0 2 in H 2 0 at the experimental conditions [Anderson and Burnham, 1965 ] is large (>6 wt % at T = 800°C and PH,o = 890 MPa), and sample surfaces exhibit evidence of dissolution and redeposition ( Figure 3 ) in the form of etched ledges and precipitated rhombohedrons; in addition, annealed quartz surfaces often replicated the grain boundary textures and deformation bands of the adjacent Ag discs. Solution-related surface modification was minimized, however, in those experiments using the Mg(OH), + MgO + H 2 0 fluid source by applying an external confining pressure P, slightly in excess of the equilibrium PH,o and thereby limiting the volume of liquid H 2 0 to < 5 JiL. Secondary ion microprobe analyses of 27 AI and 28 Si for these surfaces (P. F. Dennis and B. J. Giletti, personal communication, 1984) show that surface modification was restricted to the top 1 Jim. Dissolution steps and precipitation features are more pronounced on samples annealed in 10 11L H 2 0, and the surfaces of samples annealed in NaOH solutions are badly frosted. These surface features indicate that the fluids were in chemical communication with the quartz samples. 
Deformation Experiments
Constant strain rate experiments were conducted on cylindrical (5.8 and 6.3 mm in diameter and 16.5 mm in length) Brazilian quartz samples in the 0 + orientation (a 1 direction at 4SO to a and c) under dry conditions and under hydrothermal conditions similar to those of the annealing experiments. The dry strength of quartz was tested for samples placed in Au jackets and end-loaded using ceramic (0.9 Al 2 0 3 :0.1 TiO) pistons in NaCl solid-medium assemblies (experimental methods and uncertainties discussed by Kirby and Kronenberg [1984a] ). The strength of hydrothermally annealed quartz was likewise measured using NaCI assemblies; however, samples were sealed in Au jackets (by arc-welding specially fitted Au caps to the ends of the Au jackets) with a mixture of Mg(OH), + MgO + H 2 0 packed along the samples' cylindrical sides. Although we applied external confining pressures P, of -1500 MPa during these experiments, we expect that the internal PH,o was still controlled by the Mg(OH) 2 + MgO + H 2 0 buffer yielding an effective contining pressure P. of -600 MPa at T = 800° C, where P. is given by P,-PH,o· Accepting that this assumption, that P, =I= P, 0181 fluid• is uncommon in studies of phase equilibria, the concept of effective pressure has been widely applied in rock mechanics studies [e.g., Hubbert and Willis, 1957; to be rapid, was out of equilibrium, we treat the effective pressure P. as a "partial pressure" of the solid phases [Fyfe et a/., 1978, p. 135] . In addition to these constant strain rate experiments using NaCl assemblies, we repeated mechanical tests of unjacketed Brazilian quartz samples using conventional talc assemblies after annealing (in talc) for times of 4 x 10 4 and 4 x 10 5 s. Because the kinetics of the dehydration reactions talc-+ anthophyllite + quartz + H 2 0 and anthophyllite -+ enstatite + quartz + H 2 0 are relatively slow [e.g., Greenwood, 1963] , we expect that the PH,o• and thus P,, must vary with time for these experiments. In addition, as a result of the fluid's contact with the carbon furnace [French, 1966] and temperature gradients within the sample assembly, we cannot be certain of the values of PH,o• Pc"•' Pc 0 , Pc 02 , or P 0 , for these experiments.
Infrared Spectroscopy
Infrared (IR) absorption spectra of hydrothermally annealed samples were measured over the range in wave number v from 200 to 400 mm -1 [Alpert et a/., 1970; ] using a Perkin-Elmer 180 spectrophotometer interfaced with a DEC PDP! I minicomputer. Most of the IR spectra were obtained from the central regions of samples (through apertures 1-3 mm in diameter) using an unpolarized incident beam parallel to the c axis. Polarized IR spectra were also measured for selected samples using an IR polarizer (gold wire on AgBr substrate) and incident beam perpendicular to c with E .l c and E II c, respectively. Absorption bands were separat- ed and identified in spectral measurements at ~ 77 K (using liquid N 2 and an evacuated dewar with KBr windows), and absorption band peak heights and integral absorptions were determined from room temperature spectra. The slit width of low-temperature (77 K) measurements was chosen so as to yield a wave number resolution of 0.2 mm -1 . Peak height and integral absorption measurements were made at room temperature by subtracting a linear baseline (fit to background values at ~ 300 and ~ 365 mm -1 ). The estimated error in this procedure is 5-10%. Hydrogen concentration determinations were made using the integral absorbances ~ and the calibration factor of0.812 (cm 2 H/10 6 Si) reported by Kats [1962] for E .l c. Because the observed absorption bands in our samples were restricted to the relatively narrow interval 320-360 mm -1 , it was not necessary to make a correction for the wave number dependence [Paterson, 1982] of molar absorptivity.
Owing to the relatively transparent surfaces and crack-free nature of the hydrothermally annealed samples, impregnating media were not needed for IR absorption measurements. Scattering losses from high densities of microcracks in deformed specimens, however, prevented their direct measurement. Rather than using impregnating media for their measurement, IR spectra of these samples were assumed to be the same as those of samples annealed hydrostatically under the same conditions ofT, PH,o• and annealing time t. Although nominally dry, we suspect that impregnating media such as KBr and C 4 Cl 6 may contain trace concentrations of water unless great care is taken to dry them and remove surface layers of water adsorbed on microcracks within samples prior to their use. [1962] as being due to OH groups associated with AI impurities.
RESULTS
IR measurements at room temperature of the quartz starting materials and hydrothermally annealed crystals (T = 700°-900°C, PH,o = 400--1550 MPa) were used to determine the changes in peak heights and integrated areas of absorption bands in the 340 mm-1 region and are summarized iq Table 2 . Absorption band assignments, listed in Table 3 , were ·made by comparison of IR measurements at liquid N 2 temperature (T = 77 K) with absorption bands identified by Kats [1962] . Table 4 contains chemical analyses of annealed Brazilian quartz crystals, and Table 5 lists the diffusion coefficients for hydrogen in quartz determined from the rates of uptake and of hydrogen-deuterium exchange. The results of constant strain rate experiments performed on dry and hydrothermally annealed quartz crystals shortened in the 0 + orientation are listed in Table 6 .
Hydrogen Uptake at Elevated P 8 , 0 IR absorption spectra of quartz single crystals annealed at elevated water pressures exhibit growth of absorption bands in the range of 320-360 mm-1 (Figure 4) , most of which are present in spectra of the starting materials and which are due to fundamental 0-H stretching modes [Kats, 1962] (see for review). Measured at liquid N 2 temperature ( Figure 5 ), these absorption bands are extremely sharp (with measured band widths limited by the working resolution of 0.2 mm-1 ) and are effectively separated, revealing an apparently flat backgrqund. A broad absorption band resembling those of synthetic quartz and amethyst crystals [Kekulawa/a et al., 1981; was not observed in any of our samples. In addition to their sharp nature, the principal absorption b!lnds near 340 mm-1 are strongly dichroic, as shown by spectra measured using a polarized incident IR beam perpendicular to c (Figure 6 ) with maximum pc;:ak heights measured for E .l c and minimum
Difference spectra of samples annealed in isotopically normal water and in water labeled with 99.8% deuterium (atoms D/H) and 98.4% oxygen 18 (atoms 18 0/ 16 0) were measured to test our assumption that the principal absorptions which grow at elevated PH,o are due to 0-H stretching modes. Difference spectra were determined by subtracting the starting material spectrum from the spectra of annealed crystals ( Figure 5 ) after normalizing with respect to sample thickness according to Beer's law. These difference spectra, therefore, reveal the growth of those absorption bands corresponding to stable defects by positive deflections and the decrease of absorptions associated with defects which are unstable at the experimental conditions by negative deflections. Spectral shifts in the difference spectra of samples annealed in H force constants are the same [Colthup et al., 1964] . In accordance with the reduced masses of 0-H and 0-D, the difference spectra of samples annealed in isotopically normal and deuterated water (Figure 7) show a shift of the stable absorptions at v = 336.4 and 330.3 mm-1 (for samples annealed in H 2 0) to v = 249.4 and 245.6 mm-1 (for samples annealed in D 2 0). However, the spectral shift of -1.0 mm -I expected from the reduced masses of 16 0-H and 18 0-H stretching modes has not been observed; the stable IR bands of samples annealed in H 2 16 0 and H 2 18 0 were observed to occur at precisely the same wave numbers within the precision of the measurements ( ± 0.1 mm-1 ). These observations therefore support our initial assertion that the stable absorption bands result from 0-H stretching. Furthermore, hyqrogen is introduced from the fluid, but the bulk of oxygen in the quartz samples could not have exchanged with oxygen of the fluid. To the limit of our observations, then, hydrogen does not diffuse in the form of OH or H 2 0.
Absence of Intracrystallir,e Water
While we observe the growth of absorption bands due to 0-H stretching modes in natural quartz crystals annealed at high water pressures (P 11 , 0 = 400-1550 MPa), several lines of evidence suggest that the defect related to the phenomenon of hydrolytic weakening has not entered the quartz structure. The most important of these is the lack of any detectable broad absorption band resembling those of synthetic quartz and amethyst crystals which are reproducibly weak [Paterson and Kekulawala, 1979; Kekulawala et al., 1981] .
Most experimental studies of hydrolytic weakening since those of Griggs and Blacic [1964, 1965] have been done on synthetic quartz crystals Ashbee, 1967, 1969a, b; Hobbs et at., 1972; Halderman, 1974; Morrison-Smith et al., 1976; Ball and Glover, 1979; Kirby and McCormick, 1979; Linker and Kirby, 1981; Trepied and Doukhan, 1982; Linker et at., 1984] which contain relatively large concentrations of water as growth defects. It is for these quartz crystals that variations in flow strength have been correlated in a systematic way with the integrated absorbance of a broad, isotropic band due to 0-H stretching, centered at 340 mm-1 and spanning wave numbers of 260-360 mm-1 • The widespread comparisons, therefore, of the mechanical behaviors of synthetic quartz and of hydrothermally treated natural quartz have implicitly assumed that the same OH defect, responsible for the broad absorption band, is taken up by natural quartz crystals by diffusive transport. Although at high temperatures this ab- sorption band appears to be unstable at ambient pressure [Bastin and Mitchell, 1961; Fraser, 1965, 1967; Bambauer eta/., 1969] , Kekulawala eta/. [1981] reported a limited solubility of this defect at P = 300 MPa at T = 900°C and suggested that the broad band may be further stabilized by higher pressures. The broad nature of the absorption band in synthetic quartz and the lack of any apparent crystallographic relationship with the structure of quartz led initially to its characterization as some form of structurally incorporated, gel-type hydroxyl [Kirby, 1975; Keku/awala et a/., 1981] . However, Aines eta/. [1984] have now shown that the broad absorption band is due to molecular water. This broadband molecular water is distinguished from H 2 0 fluid inclusions by the lack of a shift in its infrared absorption (exhibited by the water to ice transition) from its location measured at room temperature and at liquid N 2 and He 2 temperatures.
Contrary to our initial expectations, and in sharp contrast to recent results of Ord and Hobbs [1983] and Mackwell and Paterson [1985] , natural quartz crystals annealed at elevated water pressures and temperatures (those conditions purported to promote hydrolytic weakening) do not contain molecular water (the defect known to weaken synthetic quartz) even after annealing times of up to 6 weeks at PH,o = 1550 MPa and T = 900°C (Figure 8b ). IR spectra of our hydrothermally treated quartz crystals exhibit sharp dichroic absorption bands, distinct from the broad isotropic absorption of synthetic quartz, with peak locations identical to those assigned to H,· by Kats [1962] . The lack of a spectral shift for the sample (N-598) annealed in 18 0-labeled water, furthermore, rules out any significant exchange of oxygen between the fluid and the bulk of the quartz specimen. The defect responsible for the broad band is molecular water (H 2 0)/', and its diffusive transport, neglecting any charge transfer reactions, would appear to require oxygen transport.
Solubility and Diffusion of Hydrogen
Although our hydrothermal annealing experiments were carried out at high water pressures (up to 1550 MPa), all of the sharp absorption bands reported here (Table 3) have been observed previously by Kats [1962] and Kats et a/. [1962] in natural quartz crystals annealed at water pressures of only 2.5 MPa. Kats [1962] was able to identify those H defects which are associated with other impurities, on the basis of chemical analyses and electrolytic exchanges. The principal absorptions which are stable at high PH,o are due to 0-H stretching in the vicinity of AI impurities, whereas several of the absorption bands which are unstable at high water pressures are due to 0-H vibrations near Li impurities. Correspondingly, the equilibrium solubility of hydrogen in annealed quartz samples appears to be related directly to the initial AI content.
Equilibrium hydrogen concentrations were determined from the integral absorptions of samples annealed at long times (e.g., t :2: 2 days at T = 800°C, t :2: 10 days at T = 700°C). Although the time required for equilibration depends upon the experimental conditions, the speciation of hydrogen defects and their ultimate concentrations (Figure 8 ) appear to be independent of T, PH,o• P 0 ,, and fluid chemistry over the full range of experimental conditions ( (Table 4) indicate that the AI contents of our specimens have not changed over the experimental times. In fact, the very low mobilities of AI and Si in quartz (B. J. Giletti and R. A. Yund, personal communication, 1985) suggest that equilibrium with respect to AI content cannot be attained in experimental times. Thus the state of equilibrium defined here for H;' assumes a particplar, unchanging Als 1 ' concentration. Th9 attainment of equilibrium hydrogen concentrations was ' tested for, and the diffusional kinetics of hydrogen interstitials studied, by measuriiJg the uptake of H as a function of time.
Room temperature IR spectra measured with the beam ilc for quartz crystals annealed at T = 800°C, PH,o = 890 MPa, and times ranging from -:"' 2 hours (9.18 x 10 3 s) to 1 week (6.04 x 10 5 s) show the progressive growth of the absorption bands assigned to hydrogen interstitials ( Figure 9 ). Bulk H contents of these samples, determined from their integral absorbances, reveal the rapid net transport of H into samples at short annealing times with uptake leveling off at times greater than -1 x 10 5 /s. The diffusion coefficient D for hydrogen lie in quartz was determined from these bulk H contents, assuming one-dimensional diffusion into a slab of half thickness I(= L/2) and using the truncated series solution to Fick's second law:
where the assuilled boundary conditions are that the surface concentrations of H at t ;;:: 0 are equal to the ultimate solubility; and where N, and N"' are defined as the net transport (b) Stress-str!jin curves of unjacketed quartz crystals (0+ orientation, T = 800°C, P, = 1480-1500 MPa, t = 1.0 x 10-5 /s) deformed in talc assemblies after annealing (T = 850°C, P, = 1480-1500 MPa) for times of -11 hours (t = 3.96 x 10 4 s, N-588) and -112 hours (t = 4.03 x 10 5 s, N-587). The strength of quartz measured after -11 hours in talc approaches that reported by Griggs and Blacic [Biacic, 1971] ; however, the yield strength after -112 hours in talc is again increa:;ed. [1962] ; 2, Schachtner and Sockel [1977] ; 3, Dennis [1984] ; 4, Giletti and Yund [1984] ; 5, Kats [1962] ; 6, this study).
of H at times t and t = oo, respectively [Crank, 1975] . Similarly, diffusion coefficients for H uptake parallel to c were determined over the temperature interval 700° =::;; T =::;; 900°C, and a D value perpendicular to c determined at T = 800°C (Table 5) . Because of the relatively small ultimate solubility of H in quartz (83 ppm for crystal A-1) and the sample-to-sample variations in integrated absorptions (yielding an uncertainty of ± 10 ppm in H content for any particular sample), diffusion coefficients could not be determined to better than a factor of 2.
Attempts were also made to evaluate the rates of H uptake in quartz by serial sectioning methods. IR absorption spectra were measured before and after grinding and polishing samples (N-563, N-569) repeatedly and difference spectra calculated. These measurements yielded hydrogen concentration profiles (for 2 times t = 9.18 x 10 3 s and t = 2.21 x 10 4 s, respectively) roughly consistent with the diffusion coefficient determined from the time dependence of H uptake at T = 800°C. However, the scatter in integrated areas of these difference spectra (representing H concentrations of rather thin layers of quartz removed by grinding) led to larger uncertainties in calculated D values and this approach was not pursued further.
Although the uptake of H in quartz is, strictly speaking, chemical diffusion (not self-diffusion), we have implicitly assumed no effects of H concentration upon its diffusion by using (2) to solve for hydrogen D values. Over the limited range of H contents (from 35 to 83 ppm), however, we have not detected any significant deviations from this assumed solution within the precision of our measurements. In addition, the diffusion coefficients so determined over the temperature interval of 700°-900°C appear to fit an Arrhenius relation
for uptake parallel to c, where D 0 is a constant and Q is defined as an activation energy (Figure 10 ). Least squares fit to this relation, the H uptake data, yields [ 1974] . Although the diffusive uptake of H perpendicular to c was only investigated at T = 800°C, it appears to be the same.
within error, as that parallel to c. Because of the need to maintain charge neutrality, our experimentally derived terms D, D 0 , and Q must represent the exchange of hydrogen interstitials H; · with other charged defects originally in the starting material. Several lines of evidence, including the decrease in 0-H absorption bands associated with Li impurities (Table 3) and the drop in alkali impurity concentrations of hydrothermally annealed quartz samples ( Table 4 ), suggest that H;. exchanges with the interstitial alkalis Li;·, Na;·, and perhaps K;. In addition to the investigation of H uptake in quartz, we studied the exchange of H and D in quartz, in order to determine the mobility of hydrogen independent of concentration effects and independent of interstitial alkali diffusion. Quartz crystals were preannealed in isotopically normal water for times long enough for equilibration (with respect to H) and were then annealed in deuterium-labeled water. For these experiments, diffusion coefficients (Table 5) were determined by measuring the integrated absorbances of difference spectra (calculated from the spectra of preannealed and twiceannealed samples), both in the 0-H stretch and the 0-D stretch regions. The diffusion coefficients of H-D exchange compare favorably with those determined for H uptake with Do(llc)::::::: 1.7 X 10-1 m 2 /s Do(.lc)::::::: 1.1 X 10-1 m 2 /s Q(both II and .lc) = 210 ± 87 kJjmol
In contrast to the strong anisotropy of alkali diffusion in quartz [Freer, 1981] , the diffusion of hydrogen is, within measurement error, isotropic.
Mechanical Tests of Hydrothermally Annealed Quartz
Because molecular water does not enter natural quartz at detectable levels under any experimental conditions tested here, the question arises how the Brazilian quartz crystals of Griggs and Blacic [1964, 1965] , and of later studies [Hobbs and Tullis, 1979; Hobbs, 1983, 1986; Mackwell and Paterson, 1985] performed at the same temperatures and pressures, were weakened. Kekulawala et al. [1978] were unable to weaken natural quartz crystals exhibiting sharp absorption bands (due to H,·) but lacking a broad band (due to H 2 0;"). However, several theories of water weakening, since that of Frank and Griggs [Griggs, 1967 [Griggs, , 1974 , which required (H 2 0),X defects to form paired silanol defects have emphasized the influence of donors (such as H, ) and acceptors of electrons upon the defect chemistry of quartz [Hirsch, 1981; Hobbs, 1981] . These treatments suggest the importance of elevated water pressures (perhaps greater than those used by Kekulawala et a/. [ 1978] ), as well as effects of the oxygen fugacity and extrinsic impurities such as Na;· [Jaoul, 1984] upon the deformation process.
Constant strain rate experiments were, therefore, performed on o+ orientation Brazilian quartz crystals, both dry and hydrothermally annealed using the brucite-periclase buffer, at T = 800°C and P, = 600-1600 MPa (Table 6 ). The results, however, are similar to those of Kekulawala et al. [1978] at lower pressures, showing little or no influence of increased H;. concentrations upon the yield strength of quartz ( Figure lla ). While our stress-strain curves for dry single crystals are in close agreement with those ( Figure 1 ) of Blacic [1964, 1965] , we have not been able to weaken quartz crystals annealed at a water pressure of 890 MPa (within the pressure range applied in their experiments) for times of up to 48 hours. The differing water pressures used in the studies of Griggs and Blacic [1965] and Kekulawala et al. [1981] cannot be responsible for the discrepancies between these two studies.
Because our attempts to reproduce the original GriggsBiacic experiments under controlled PH,o using improved NaCl assemblies failed, we repeated deformation experiments on unjacketed quartz crystals using talc assemblies which, with the exception of size, were identical to those of the original study. Using these assemblies, we observe a dramatic drop in the yield strength of quartz (Figure llb) after a relatively short annealing time (-11 hours), comparable with that originally reported. However, the dependence of strength upon annealing time is inconsistent with diffusional penetration [Blacic, 1981] of the single crystal by water. Yield strengths of our quartz samples are increased with increasing annealing times (from 11 to 112 hours). In addition, the drop in yield strength is observed at the same annealing times as used by , despite the larger ( x 2) size of our samples. Whi!e the increase in strength with increasing annealing time may be due to H 2 0 loss from the sample assembly (and thus a reduction in PH, 0 ), the low strength of our sample measured after only -11 hours annealing is inconsistent with the expected fourfold increase in time (over that used by Griggs and Blacic) required for the diffusional net transport of water into our larger samples. 
DISCUSSION
The spectral and mechanical results of this study for natural quartz crystals, hydrothermally annealed and deformed at elevated water pressures (up to 1550 MPa), parallel those of more comprehensive studies carried out at lower water pressures [Kats, 1962; Kats et al., 1962; Paterson and Kekulawala, 1979; Kekulawala et al., 1981] . They are at variance with other high-pressure studies of hydrolytic weakening Blacic, 1964, 1965; Hobbs and Tullis, 1979; Hobbs, 1983, 1986; Mackwell and Paterson, 1985] and the large effects of pressure upon the mobility and solubility of broadband water suggested by these studies. Nevertheless, the suggested incorporation of the defect responsible for broadband absorption into crystals > 3 mm in dimension by solidstate diffusion (within experimental times) is difficult to reconcile with its assignment to (H 2 0);x and the available oxygen diffusion data.
Hydrogen is taken up by quartz at PH,o = 1500 MPa, into the same interstitial sites, and at the same rates as at low water pressures. Its solubility, independent of T, PH,o• and P 0 ,, depends simply upon the AI content of the crystal and its uptake, as originally suggested by Kats [1962] , appears to proceed by exchange with alkali interstitials initially in the starting material.
In accord with the results of Kekulawala et al. [1981] , hydrogen interstitials do not weaken quartz. Contrary to the results of Hobbs [1983, 1986] and Mackwell and Paterson [1985] , however, the defect (H 2 0)t assigned to the broad absorption band of synthetic quartz and responsible for its anomalous weakness is not taken up by natural quartz crystals annealed at high PH,o to any significant concentration. As a result, mechanical tests of hydrothermally annealed quartz crystals fail to show water weakening.
While the rates of hydrogen diffusion are clearly rapid enough for equilibration within experimental times, the uptake of molecular water by quartz appears to be limited by the much lower diffusion rates of oxygen (Figure 12 ). The lack of any significant oxygen exchange in our experiments at high PH,o (N-598 in Figure 7) is consistent with the collected results for oxygen diffusion measured over water pressures of -0-350 MPa [Haul and Diimbgen, 1962; Choudhury eta/., 1965; Giletti et al., 1976; Schachtner and Socket, 1977; Freer and Dennis, 1982; Dennis, 1984; Giletti and Yund, 1984] . Oxygen D values, measured at T = 800°C and PH,o = 100 MPa [Dennis, 1984; Giletti and Yund, 1984] yield characteristic diffusion penetration distances for oxygen into quartz of only -1 11m for an annealing time of 24 hours. Furthermore, while there is some controversy over the effect of water pressure upon oxygen diffusion [Dennis, 1984] , the nearly linear dependence of oxygen diffusion upon PH,o• reported by Giletti and Yund [1984] , leads to penetration distances no greater than 10 11m at a water pressure of 1500 MPa.
By what mechanism, then, could molecular water enter quartz crystals to a depth of -3 mm, and what uncontrolled variable is responsible for the discrepancies in high pressure experiments? Hobbs [1983, 1986] have argued that high oxygen fugacities are required for its incorporation, and yet our results at an oxygen fugacity of 10-10 MPa (N-583 in from the Au jacket should only lead to larger / 02 values). We have also considered other chemical variables, including Na content of the fluid (using NaOH solutions) and impurities of talc (by sealing talc in the Au capsules as the fluid source). These variables do not appear to have any influence upon the IR spectra of annealed quartz crystals.
Only the deformation experiments repeated in talc assemblies appear to be consistent with the original GriggsBlacic experiments; however, these experiments also reveal a time dependence of strength inconsistent with the solid-state transport of water. Water contents of these samples could not be measured using IR spectroscopy due to scattering losses. In fact, the loss in IR transmittance, combined with the results of optical microscopy, is revealing of the mechanism of water transport. Photomicrographs of these samples (Figure 13 ), like those of Griggs and Blacic [Blacic, 1975, Figure 7] show, in addition to the development of basal and prismatic deformation lamellae, closely spaced microcracks and fluid inclusions.
Because the principle of effective pressure P. (where P. = Pc -PH 2 o) is rarely applied to flawless single crystals, microcracks in these high-pressure samples have commonly been assumed to be due to unloading stresses at the conclusion of the experiments. Nevertheless, close examination of our single crystals of quartz, as cored, and after annealing (without explicitly applying an end load) in talc assemblies (Figure 13a ) reveals the presence of fine, evenly spaced microcracks perpendicular to the axis of the core which are apparently created by the coring process. Given these flaws in unjacketed samples; the effective pressures at elevated water pressures in the vicinity of the cracks must be relatively small. Further observations under crossed nicols (Figure 13b) show the development of basal deformation lamellae, nucleated within this outer rind of fractured sample, in response to nonhydrostatic stresses generated by point contacts and by the relatively strong talc confining medium.
After deformation in talc assemblies (Figure 13c ), quartz samples exhibit evidence of ductile deformation, including prismatic as well as basal deformation lamellae, and features suggestive of continued brittle deformation, including micro-. cracks and planar arrays of fluid inclusions. Because precipitation of fluid inclusions from the quartz structure [McLaren et al., 1983] is unlikely in the quench times of these experiments, we believe that these inclusions mark the sites of healed microcracks. The kinetics of crack healing are very rapid [Smith and Evans, 1984] , and it is for this reason that we believe that brittle processes have previously been dismissed as unimportant under conditions of elevated water pressures. Curiously, Blacic [1975] also reported the presence of fluid inclusions, and Kekula}'Vala et al. [1981] , in their IR and transmission electron microscopy study of a quartz crystal annealed in talc by R. Coe and P. Vaughan, were puzzled by its increased water content and abundant fluid inclusions.
If closely spaced microcracks form early in an experiment, water may penetrate samples over much shorter diffusion distances than initially proposed [Blacic, 1981] and resolve the discrepancies between deformation and diffusion studies of quartz. The process of microcracking, though, requires both nonhydrostatic stresses and low effective confining pressures. While these conditions were met in the studies of Blacic [1964, 1965] , Hobbs and Tullis [1979] , Ord and Hobbs [1983] , and Mackwell and Paterson [1985] and in the sample annealed in talc by R. Coe and P. Vaughan (reported by Kekulawala et al. [1981] ), they were not met in the studies of Kekulawala et al. [1978 Kekulawala et al. [ , 1981 and Paterson and Kekulawala [1979] nor in our annealing experiments using NaCl assemblies. Nonhydrostatic stresses in the experiments of Blacic [1964, 1965] and Mackwell and Paterson [1985] were generated, as in our samples annealed in talc, by pressurization of this relatively strong confining medium. Nonhydrostatic stresses were explicitly applied by end-loading samples in the experiments of Hobbs and Tullis [1979] and Ord and Hobbs [1983] and in our deformation tests reported here. Because quartz specimens were deformed in talc assemblies without the use of metal jackets, we suspect that the effective confining pressures in previous studies [e.g., Blacic, 1964, 1965] were small. Likewise, we believe that effective pressures were small in experiments where H 2 0 was added directly to sample capsules (Hobbs and Tullis [1979] , Ord and Hobbs [1983] , Mackwell and Paterson [1985] , Kekulawala et al. [1981] , and annealing experiments of this study).
While we do not argue with the reported effect of water on the ductile strength of quartz [Griggs and Blacic, 1965] , we no longer believe that the mechanism of H 2 0 uptake was purely diffusional. The extensive undulatory extinction and, in particular, the basal and prismatic deformation lamellae in our samples deformed in talc assemblies (and never observed in dry quartz) support the original findings of Griggs qnd Blacic [1965] . However, the diffusion rates of molecular water are not rapid and appear to be controlled by oxygen transport. Unfortunately, the competing brittle and ductile deformation mechanisms of the original experiments complicate their interpretation, especially in light of the effects of water, fluid chemistry and pH upon the rates of microcrack extension [Atkinson, 1984; Dunning et al., 1984] and frictional sliding [Dieterich and Conrad, 1984] . In addition, the low transport rates of water in quartz suggest that determination of its equilibrium solubility will be difficult.
Although more complicated than initially anticipated, the process of water incorporation in the Griggs-Blacic experiments may be very important under natural conditions. If, as we submit, the rates of water uptake jnto quartz at lower temperatures are controlled by oxygen diffusion, equilibration within the crust may be slow and require long metamorphic events. However, microcracks may assist its uptake by reducing the necessary penetration distances. Investigations of small ductile shear zones in granitic rocks of the Sierra Nevada, California, and near Roses, NE Spain [Segall and Simpson, 1986] , suggest that dilatent fracturing and fluid infiltration commonly precede ductile deforrpation. Examination of one of these shear zones (of the Sierra Nevada) using IR spectroscopy, furthermore, shows a systematic correlation of fluid inclusion water with finite strain .
A variety of mechanisms may, in fact, be responsible for H 2 0 uptake, depending upon the geologic conditions ( Figure  14) . In addition to volume diffusion and crack-assisted diffusion, molecular water may be incorporated by diffusion along dislocation cores [Tullis and Yund, 1985] or under conditions of rapid crystal growth and grain bou~dary movement. Studies of quartz synthesis [Barnes et al., 1976] have shown that molecular water can be incorporated as a nonequilibrium defect at rapid growth rates. Water contents of rapidly grown quartz crystals would therefore not be limited to equilibrium solubilities. Water may also be taken up from grain boundary films by grain boundary movement. In this case, water would be swept up at equilibrium concentrations [Kirby and Kronenberg, 1984b] or at nonequilibrium concentrations by a similar process as that in rapid crystal growth.
Interpretations of the ductile deformation of quartz under geologic conditions will ultimately depend upon our understanding of water weakening. Because of the slow diffusion rates of water and the competing deformation mechanisms in experiments performed on hydrothermally annealed natural crystals, however, we are left with the results for dry natural crystals and for wet synthetic crystals as the basis of hydrolytic weakening. Because few large natural crystals (with exceptions such as amethysts and citrines) contain large concentrations of finely dispersed molecular water, Paterson and Kekulawala [1979] have questioned the relevance of synthetic quartz rheologies to naturally occurring quartz. Whether or not the results of wet synthetic quartz apply to fine-grained quartz tectonites must therefore await the direct measurement of their intracrystalline water contents.
CoNCLUSIONS
The results of IR spectroscopy and deformation experiments on single crystals of natural quartz annealed hydrothermally at elevated pressures and temperatures lead to the following conclusions:
1. The diffusive uptake of interstitial hydrogen H;. into quartz is the same at high pressures (P 820 = 400-1550 MPa) as at near-ambient pressures.
2. The equilibrium solubility of H;. in quartz is independent of T, P 820 , and fluid chemistry over the experimental conditions tested; instead, it is a function of the AI content by the local charge neutrality condition [H;] = [Ais/J· 3. Significant concentrations of molecular water (H 2 0);" are not taken up by quartz single crystals in experi~ental times, even at elevated P 820 .
4. Interstitial H defects have no measurable influence on the yield strength of quartz.
5. It appears that rnicrocracking and crack-assisted diffusion of water were important processes in the original hydrolytic weakening experiments of Blacic [1964, 1965] , as well as in several later studies in which weakening of natural single crystals was reported. This may be the primary source of discrepancies, both within the mechanics literature and with the diffusion data for quartz.
